LBNL-48237

On Analog Simulation of lonization Cooling of Muons

Ming Xie
Lawrence Berkeley National Laboratory
Berkeley, California 94720, USA

Presented at 2001 Particle Accelerator Conference
Chicago, USA, June 18 - 22, 2001

To be published in the conference proceedings

This work was supported by the Director, Office of Science, Office of High Energy and Nuclear Physics,
High Energy Physics Division, of the U.S. Department of Energy under contract No.DE-AC03-76SF00098.
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Ming Xie, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

Abstract as a benchmark and a reality check for both.
Analog simulation, proposed here as an alternative ap- Instead of advocating a full-fledged demonsration ex-
EEerlment [2], which is a major development of muon-

proach for the study of ionization cooling of muons, is o . S

. . . ' specific technology, for physics validation, we propose an
scaled cooling experiment, using protons instead of muon . . . .
. . : - . alternative approach of experiment, analogy simulation,
as simulation particles. It is intended to be an effective , . . .
) : . . : which requires little or no technology development. Specif-
and flexible, quick and inexpensive experiment for the un- . S : .
) o . _1cally, analog simulation is a scaled cooling experiment,

derstanding and validation of unprecedentedly complicated . ) . : :
sing protons instead of muons as simulation particles for

cooling physics, for the demonstration and optimization o sier source production, beam handling and cooling diag-

various elaborated techniques for beam manipulation in 6" . ] ;
nostics. With proper choice of parameters, analog simula-

phase space. It can be done and perhaps should be dane . . . .
: . lon can be designed as an effective and flexible, quick and
before the costly and time-consuming development of ex- . : :
Inexpensive experiment to extract relevant physics.

tremely challenging, muon-specific cooling technology. In . ?
Y ging P 9 9y Of course, proton and muon are different in numerous

;:;5?252(’1 zﬁ dlg:s Egltsnlasst;kti)rlljgl]l?hz f;ypg:;?grlﬁrg ?Lspects, such as mass, lifetime, and nucle_ar interaction
Napoleon into the bI,oody battlefield of Waterloo C{ rough matters, but the effects due to these differences can
' be scaled or normalized to a large extent in a broad sense,

therefore, essential physics can still be extracted. As such,

1 INTRODUCTION proton cooling can be used as a benchmark for the devel-

A muon collider [1] is possible only if ionization cooling opment of cooling theory and digital simulation. It can also

works effectively in reducing the huge 6D phase space vopffer insights and guidelines to optimal component and sys-
ume of muons inherent from creation. Currently, ionizatiol®™ designs forl|on|zet|on cooling of muons. In the game
cooling is investigated through three approaches: theol§! Scaled experiment’, whatwe can learn and benefit from
digital simulation, and a demonstration experiment [2]. T&'€ limited only by our own imagination.

understand that there is a need for yet another approach of

investigation, let us conceptually divide our R&D objec- 2 BASIC COOLING THEORY

tlvf_f_im;p t;No pflrts:l pdhy5|tc;15 anddtecrt]no(ljggy. d validati We review basic concepts and results of ionization cool-
€ first part Incluges the understanding and vall a'ofﬁg theory, with a focus on Robinson-Liouville theorem

of |t<_)n|_za';|_on c?olln_g phylsut:)s, a;s \év?II ?}S _demorf1str§1t|on angz’ 4]. This preparation is necessary for later discussion
optimization ot various elaborated lechniques for beam mag, gjrect comparison of cooling of protons and muons.

nipulation in 6D phase space. The second part In\’Olve,éssuming upright ellipses, normalized 6D emittance is,

deve_loping and testing .specific technology and hardwarﬁe — ¢,¢,¢., where under paraxial approximation

required for muon cooling, such as superstrong solenoid v

field, lithium lens, robust liquid{, absorber, and high gra- dx d o

dient acceleration structuri. oY o= L Loy= d_i/ <1, o= ?p <L
Apparently, the first part has to be done first, for if it ) )

turns out to be negative, there would not be a need to cari'malized 2D emittances are

out the second part that is bound to be costly and time-

consuming. Questions then arise. Are we really confident

that the study on the first part would not lead to exclusioithe fractional differentials then satisfy

on physics ground of the feasibility of the required cooling?

Furthermore, could the study on the first part be carried out deg = dex T dey 4 de.

reliably and conclusively without experiment? €6 €x €y €2

My responses to both questions are negative. First, Weiowing Paimer [5], we classify all average effects as
must recognize that the complexity of the problem we argygjing and all stochastic effects as heating
dealing with is unprecedented in accelerator physics, when
taking into account the reality of non-paraxial beam ma- dex _ deer n dnéa
nipulation, strong nonlinearity, and possibly space charge €x €x €
effects. Second, theory on complicated subject is ofte(,gln
based on simple and idealized models, and digital simu-
lation, when integrated to be inclusive, is often too compli- deeg /e _dpeg/ex

cated to be conclusive, thus experiment is highly desirable x dp/p ’ T dplp

€x = B'YUQJU:E’; €y = 5’70y0y/7 €z = ﬁfygzép-

d define partition numbers for cooling and heating by




Cooling in 2D phase space requirés + K, > 0, since momentum of the particle, the absorber thickness can be

dp < 0in an absorber. Likewise in 6D, we have determined by
deg dp s mn>dn
— = (Jo + Ko)—, ash = .
€ p ne V1402 [(1+n?) In(bsn?) — n?]
where Assumingo,, will not change significantly through the

absorber, the transverse heating can be related to the angle

Jo = Jo+Jy+Js Ko =Ky + Ky + K. spread induced by multiple scattering through [1, 5]

Cooling in 6D phase space requirés+ Kg > 0. 1 de, ~BBL do?,
Next, we derive partition numbers for each dimensions. e, dz = %, dz

For transverse cooling it is easy to show that= 1 and

J, = 1. Tofind J., we start from an alternative expressionwhere(, is the beta function. In case of a solenoid field,

€, = co0., derived witho, = Bcoy, 0y = Boy, n = B, B1L = agmn/Bs, wherea, = 2mec/e. From Egs.(2,3,5),

®)

dy = f3dn. Sinceo, is constant, we have transverse heating partition number is
1+ 2)L
idez :i% (1) Kw:_e_o, 60:M~
€, dz oy dz €x mLg
Then, using the relation [1, 5] Similarly, the longitudinal heating partition number due to
straggling can be derived from Egs.(1,2,4)
1 do d (d
oy dz dv \ dz K,=—-—_"'"
4mé2yLs

and electronic stopping power of Bethe [6] o . .
Summarizing all results on partition numbers gives

dy o asL _ 2 2
= e L= In(byn?) — 52, ) Jo = ALt 77221Ln(bs772)]’
YL

we obtain the longitudinal cooling partition number

Koo - _%_ 147

F A U nzln(bﬁ)}7 o € A4méyLy
! Ls 50 2 €0 €0
wherea, = 471r2n., by = 2m.c?/1,m = m/m., mis the Jo+ Ko =Jo |1 - (%) _;_;’
rest mass of beam particle,. andr. are the rest mass and
classical radius of electrom,. is electron volume density 2 _ (1 +~?)
andI is average ionization energy of the absorber. 0 8m[l + n2In(bsn?)]’
The heating effects in an absorber include multiple scagg maintain cooling in 6D, the minimum transverse emit-
tering [6] which induces an angle spread tance is constrained by + K¢ = 0, yielding
Oyls = (1 +7Z)2Lba3ha (3) 260 = JG 1- (6_())2
mﬁ?’] Emin 5;0 ’

and straggling [6] which induces a momentum spread and correspondingly

(14 n2/2)ash
By = YA TR 4 e .
p mﬁn ( ) P emzn’ O ormim = BJ_Emzn )
néL n

Ly =1n ( 183 ) , 3 METHODOLOGY

where

71/3
The ultimate goal of a scaled experiment is to validate
physics first without having to commit time and resource
T into technology development which may or may not be
m’ useful in the end depending on the verdict of physics val-
idation. Driven by such a goal, our design philosophy is
« is the fine structure constarit,is the thickness and is  first to make the scaled experiment as convenient, flexible,
the atomic humber of the absorber. Given initial and finahnd inexpensive as possible, and then to extract as much

which is related to radiation length by [6]

Xo =



essential physics as possible through ingenious scaling aative position on ionization curve. To extend the concept
benchmark with theory and digital simulation. further, one may even speculate scaling from cooling to
An example is given in Table 1 for proton cooling with heating or vice versa. As shown in Table 1, the equilibrium
Be foil. For comparison, a typical case [1] is given in Tableemittance is much larger than what can be produced with
2 for muon cooling with liquidH,. In both cases, it is seen available proton sources. To demonstrate cooling, source
that cooling in 6D phase space is possible sifige> 0, emittance has to be increased first. This can be done easily
but cooling in longitudinal phase space is impossible withthrough the same ionization process, for example, by plac-
out emittance exchange sinde = Js — 2 < 0 below ing an absorber foil in a high beta region. However, the
minimum ionization. It is noted that we have used a mucbhehavior of heating, if well benchmarked with theory and
lower solenoid field and a much easier-to-handle absorbdigital simulation, should also tell us a lot about cooling.
for proton cooling. As a result, both,,,;,, and o min An important advantage of analog simulation is that var-
have larger values for proton beam. However, if we use thieus difficult issues of beam dynamics can be studied over a
same solenoid field§; = 15T) and absorber (liquidi;) wide range of scaled parameter space in a controlled fash-
for proton as for muon, we would have,...;, = 2.5mm ion. For example, effects of non-paraxial beam and non-
ando,/;, = 76mr for proton beam. In calculations, we linearity on emittance exchange can be studied gradually
have used = 64eV, n. = 4.95 x 10?3 /cm? for Be, and  as proton emittance is increased from a small initial value
I = 22eV,n, = 0.423 x 10?3 /cm? for liquid Ho. due to heating, a convenient control knob not available with
muons. In addition, space charge effects can be studied by
varying proton current. Another important advantage of

Table 1: Example of Proton throughe analog simulation is its flexibility as a toy machine, which

Ey (MeV) 3 do (%0) 1.2 can be quickly transformed and outfitted to test and opti-
p (MeV/c) 75 | 6y (%) 5 mize various different cooling techniques [10].

n 0.08 | ¢g (mm-mr) 22

J6 0.44 emm(mm-mr) 107 4 CONCLUSIONS

B1 (cm) 10 O xrmin (M) 115 One day in Berkeley, | got a fortune cookie [11], it says:
AEL/E) (%) | 20 045 (M) 23 “If you have a difficult task, give it to a lazy man — he
h (M) 30 bps (%) 0.47 will find an easier way to do it". Enlightened, | hereby give

it a try. This work was supported the U.S. Department of
Energy under contract No.DE-AC03-76SF00098.

Table 2: Example of Muon through Liquily
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